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ABSTRACT A nitrile-derived amino acid, PheCN, has been used as an internal spectroscopic probe to study the binding of an
inhalational anesthetic to a model membrane protein. The infrared spectra from experiment showed a blue-shift of the nitrile
vibrational frequency in the presence of the anesthetic halothane. To interpret the infrared results and explore the nature of
the interaction between halothane and the model protein, all-atom molecular dynamics (MD) simulations have been used to
probe the structural and dynamic properties of the protein in the presence and absence of one halothane molecule. The
frequency shift analyzed from MD simulations agrees well with the experimental infrared results. Decomposition of the forces
acting on the nitrile probes demonstrates an indirect impact on the probes from halothane, namely a change of the protein’s
electrostatic local environment around the probes induced by halothane. Although the halothane remains localized within the
designed hydrophobic binding cavity, it undergoes a signiﬁcant amount of translational and rotational motion, modulated by
the interaction of the triﬂuorine end of halothane with backbone hydrogens of the residues forming the cavity. This dominant inter-
action between halothane and backbone hydrogens outweighs the direct interaction between halothane and the nitrile groups,
making it a good ‘‘spectator’’ probe of the halothane-protein interaction. These MD simulations provide insight into action of
anesthetic molecules on the model membrane protein, and also support the further development of nitrile-labeled amino acids
as spectroscopic probes within the designed binding cavity.INTRODUCTION
Recent investigations of ion channels in the central nervous
system (1,2) have led to the belief that inhaled general anes-
thetic molecules interact directly with the hydrophobic cavi-
ties within and/or on the surface of these membrane proteins,
thereby modulating their activity. However, exactly how this
is achieved remains a mystery, because little is known about
the generally weak interaction between anesthetics and their
presumed protein targets at the atomic level.
To investigate the structural features of potential anes-
thetic binding sites and the nature of the interaction between
anesthetic molecules and these sites in membrane proteins,
simplified model membrane proteins with designed cavities
have been developed (3,4). For example, in part I under
this title (5), a new halothane-binding model membrane
protein (hbAP1) was studied. By comparison with an other-
wise identical control protein lacking only the designed
cavity, we demonstrated via x-ray reflectivity that the amphi-
philic 4-helix bundle hbAP1 was able to bind halothane with
the halothane localized to the neighborhood of the designed
cavity at lower concentrations of halothane. This simplified
synthetic model membrane protein allows for the easy muta-
tion of residues forming the binding site and utilization of
sophisticated physical-chemical techniques to investigate
the halothane-protein interaction in detail.
Spectroscopic probes have been introduced close to
ligand-binding sites in proteins to monitor both the ligand
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the fluorophore tryptophan has been frequently used to study
the association of volatile anesthetics, including halothane,
with the designed binding sites in both water-soluble and
membrane-protein models (3,6). However, the quenching
of fluorophore emission by the anesthetics can be simply
collisional, thereby not necessarily reflecting the existence
of a distinct binding site. Moreover, the indole ring of tryp-
tophan is suspected to have a direct interaction with halo-
thane (6,7), increasing the complexity of detecting the
binding of halothane within the hydrophobic cavities.
Infrared spectroscopic probes, such as the nitrile group,
can serve as effective internal probes of the local protein
environment upon ligand binding or folding in biological
proteins (8,9). Having a small size and intermediate polarity,
the nitrile group is expected to minimally perturb its environ-
ment within a protein. In part II under this title (10), we
describe the use of a nitrile-labeled amino acid, PheCN, as
an infrared probe to study halothane binding to a model
membrane protein. Placing the label PheCN adjacent to the
designed cavity in hbAP1 provides the advantage of using
both fluorescence and infrared spectroscopic techniques
simultaneously. The infrared results showed that the nitrile
stretching vibrational frequency experienced a blue-shift
upon binding halothane. Due to the intrinsic sensitivity of
the nitrile stretching vibration, the observed nitrile vibra-
tional frequency shift may be caused by many factors,
ranging from a direct interaction of halothane with the probe
to an indirect effect due to a halothane-induced change in the
probe’s local protein and/or solvent environment. In other
doi: 10.1016/j.bpj.2009.01.054
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inaccessible from the experimental studies alone. The use
of molecular dynamics (MD) simulation to probe the struc-
tural and dynamic properties of membrane proteins is by
now well established (11–14). Given the interaction poten-
tials commonly used in such simulations of solvated protein
systems, they provide not only the possibility of determining
the origin of the vibrational spectral shift, but if successful,
they can then also provide a detailed description of the
motions of the anesthetic molecule within the binding site
and the interactions between the anesthetic molecule and
the model membrane protein at the atomic level.
In this work, we performed classical MD simulations to
study halothane binding to the designed hydrophobic cavity
within the core of the hydrophilic domain of the amphiphilic
4-helix bundle peptide hbAP1-PheCN. The effect of PheCN
substitution on the peptide bundle’s structure was inspected.
Halothane’s motion within the hydrophobic cavity was
analyzed to show the retention of localization of halothane
in the cavity. We calculated the vibrational frequency shift
of the nitrile groups for each of the four PheCN residues within
the peptide bundle, averaged over the four less-than-
equivalent residues and over time, to provide an explanation
of the experimentally observed blue-shift. The agreement
achieved between MD simulation and experimental results
added credibility to the further findings provided by simula-
tions. These revealed how the anesthetic molecule interacts
with peptide bundle and affects bundle dynamics on the time-
scale of nanoseconds. In addition, the direct interaction
between halothane and infrared probe nitrile groups was
excluded, thereby supporting the potential for the direct nitrile
labeling of residues forming the anesthetic binding sites in
such model proteins in future studies.
Simulation systems and methodology
The hbAP1 peptide (5) was derived from hbAP0 (3,4) by
mutating Ala8 to Leu8 to consider only one binding cavity
at Ala19, and mutating Leu22 to Met22 to allow future
labeling experiments with Se-Methionine. Mutation of
Trp15 to a nonbiological amino acid PheCN
15 (i.e., Hz on
phenyl ring of Phe was replaced by C ¼ N, as shown in
Fig. 1) was made to introduce nitrile groups adjacent to the
designed halothane binding cavity as an infrared probe as
well as a fluorophore with a high quantum yield (10). We
designate this peptide as hbAP1-PheCN. Both hbAP1 and
hbAP1-PheCN peptide were initially constructed as ideal
right-handed a-helices using INSIGHTII (Accelrys Soft-
ware). The four-a-helix bundle was formed by associating
two dihelices in syn topology, each dihelix linked by a disul-
fide bond, with the nonpolar side chains in the hydrophilic
domain and polar side chains in the hydrophobic domain
placed within the core of the four-a-helix structure.
A solvent environment was generated by inserting the
4-helix bundle peptide into preequilibrated water-octaneslabs with the interface between the hydrophilic and hydro-
phobic domains of the bundle aligned with that between
the slabs, and any overlapping solvent molecules were
removed. The dimensions (50  50  145 A˚3) of the MD
cell were chosen to be large enough to ensure isolation of
both the amphiphilic 4-helix bundle and the interface while
using periodic boundary conditions to model an intrinsically
two-dimensional monolayer system in the simulations. This
requirement remained valid throughout the entire simulation.
The system was first minimized for 2000 steps to eliminate
the tension between different components. The minimized
system was then gradually heated over 100 ps to a final
temperature of 300 K. Finally dynamics trajectories were
generated for the simulation systems under constant NPT
conditions with the structures saved every 0.5 ps.
All the simulations were carried out using the NAMD2
package (15), which incorporates features such as periodic
boundary conditions and the particle mesh Ewald method
for full evaluation of electrostatic interactions. Nonbonded
interactions were calculated with a cutoff distance of 12 A˚
and a switching function was used to relax the van der Waals
potential to zero over a distance of 2 A˚. Constant temperature
was controlled by Langevin dynamics and the pressure was
maintained at 1 atm using the Nose-Hoover Langevin Piston
method. The SHAKE algorithm was used to constrain all
bonds between hydrogens and heavy atoms with a tolerance
of 10-8 A˚. An integration time step of 1 fs was used for
bonded and nonbonded interactions, and full electrostatic
forces were evaluated every other time step.
CHARMM22 all atom force field (16) was used to
describe the protein interactions, and the TIP3P model (17)
was used for water molecules. The parameters used for
octane molecules were those recommended by MacKerell
et al. (16) for methyl and methylene groups. The nitrile of
PheCN was modeled by analogy to the nitrile in 3-cyanopy-
dine, implemented in CHARMM31 force field (18).
FIGURE 1 Illustration of the chemical structure of nonbiological amino
acid PheCN and the definition of the nitrile bond axis. The helix to which
the PheCN residue is attached is shown in ribbon representation.Biophysical Journal 96(10) 4188–4199
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(apo bundle, with halothane absent) was performed for 5 ns.
After the apo peptide bundle reached equilibrium, anesthetic
molecule was introduced into the stable four-helix bundle
hbAP1-PheCN. Two parallel simulations on holo-system
(bundle with halothane present) were run for 1 ns starting
from such ‘‘preequilibrated’’ conditions, with each of them
chosen from slightly different initial configurations of
peptide bundle from the same preequilibrated apo system.
Most results were shown based on the first parallel simula-
tion (simulation I) if not otherwise specified; some results
from the second parallel simulation (simulation II) were
also presented to show the similarity of the results from
parallel simulations. In these parallel simulations, halothane
was constructed using INSIGHTII program. A single halo-
thane molecule was placed within the hydrophobic core
of the bundle with its center of mass aligned with those of
the four Ala19 residues. The halothane was oriented as
the carbon-carbon axis parallel to the long axis of the peptide
bundle, with the dihalogenated carbon atom facing down to
the PheCN residues. The parameter set derived from ab initio
calculation (19) was used for the halothane molecule.
RESULTS AND DISCUSSION
Overall structure of the apo peptide and effects
of Trp/ PheCN mutation
Within 5 ns of simulation, the de novo designed amphiphilic
hbAP1peptide, initially built from straight uncoileda-helices,
spontaneously evolves to a stable coiled-coil four-helix
bundle structure at the water-octane interface, which agrees
with grazing incidence x-ray diffraction measurements (in
parts I (5) and II (10) under this same title). Characterization
of the hbAP1-PheCN peptide suggests the same structural
evolution as with the hbAP1 peptide. These structural proper-
ties are analogous to those for the amphiphilic AP0 peptide
studied elsewhere (20), which was developed using the
same sequence design strategy as for hbAP1 in terms of the
amphiphilicity of the bundle, albeit for entirely different appli-
cations. Details of these characterizations are similar to those
described for the simulation of the AP0 peptide (20).
Two structural features are examined here to demonstrate
that Trp/ PheCN mutation perturbs neither the secondary
structure nor the quaternary structure of the peptide bundle.
The secondary structure of hbAP1 and its mutant hbAP1-
PheCN are characterized by Ramachandran plots of the time-
averaged backbone phi/psi angle pairs of all residues, except
the N-terminal capping residues and C-terminal Gly linker
residues (Fig. 2). The majority of residues of both peptides
remain within the allowed region for an a-helical conforma-
tion over the entire trajectory. Most of the phi/psi pairs of
hbAP1-PheCN overlap with those of hbAP1. The time-aver-
aged interhelix separation between neighboring dihelices
for each heptad is calculated for hbAP1 and its mutantBiophysical Journal 96(10) 4188–4199hbAP1-PheCN to characterize the quaternary structure of the
peptide bundle (see Fig. S1 in the Supporting Material). No
apparent difference is observed at the mutation site (residue
number 15) as well as other parts of helices. The above struc-
tural analyses indicate a minimal perturbation on the structure
of the peptide bundle by introducing a nonbiological amino
acid PheCN adjacent to the designed hydrophobic cavity of
the protein. We also note that the mutation of Trp/ PheCN
has no measurable effect on the halothane binding affinity
(10). It is therefore reasonable to relate the results from the
x-ray reflectivity experiments for hbAP1 (5) to the infrared
spectroscopic studies of the nitrile labeled hbAP1 peptide
(10) and further compare those results with these MD simula-
tions.
Localization of the halothane at the designed
cavity
X-ray reflectivity experiments demonstrated that at lower
anesthetic concentrations of 3–4 molecules per bundle, the
halothane was localized along the length of the bundle within
a symmetric unimodal distribution centered on the position of
the designed binding cavity, which was lined with Ala19 resi-
dues in the core of the peptide bundle’s hydrophilic domain
(5). In the simulation, the halothane was therefore initially
placed at the center of the designed binding cavity, which
was defined as the centroid of the four Ala19 residues. Halo-
thane was originally oriented with the carbon-carbon axis
parallel to the long axis of the peptide bundle, with the
dihalogenated carbon facing toward the PheCN residues.
During the simulation trajectory, halothane remains within
the core of the cavity on the nanosecond timescale. However,
it nevertheless exhibits a significant amount of translational
FIGURE 2 Ramachandran plot for residues 2–36 in all the helices of
the apo protein hbAP1 (cross) and its mutant hbAP1-PheCN (circle) at the
water-octane interface. The backbone conformation angles phi and psi are
calculated as averages over the last 1 ns of the simulation. The dashed perim-
eter corresponds to the most favorable combinations of phi/psi values for
a right-handed a-helical conformation, and the solid perimeter highlights
the somewhat larger ‘‘Ramachandran-allowed’’ region.
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different positions along the long axis of the peptide bundle
within the cavity, with a fluctuation of  2 A˚ centered about
the Ala19 residues. In the process, halothane correspondingly
samples several discrete orientations with respect to the long
axis of the peptide bundle, with each orientation persisting
from tens to hundreds of ps. However, there is no single
strongly preferred orientation of halothane toward any
specific residues. This same behavior of halothane was also
observed in a parallel simulation. These results agree qualita-
tively with experimental measurements at lower halothane
concentrations, but greater than one halothane per bundle.
The translational dynamics along the bundle axis, even for
a single halothane molecule, agree with the x-ray reflectivity
results where halothane was found to be localized along the
length of the bundle to the neighborhood about the designed
cavity (5) at 3–4 halothanes/bundle. The coupled translational
and rotational dynamics of halothane within the cavity
suggest a collisional mechnism for the quenching of the
adjacent fluorophores’ emission by halothane at 1–10 halo-
thanes/bundle (10). We did not observe a larger extent of
halothane translational diffusion along the core of the bundle
as the x-ray reflectivity experiment suggested. This likely
arises from the somewhat larger number of halothane mole-
cules/bundle, achieved as a lower limit in the x-ray reflectivity
experiments to date, as well as the very limited duration of the
simulation trajectory in comparison to the experiment.
Interpretation of infrared spectroscopy
The infrared experiments on hbAP1-PheCN exhibited
a blue-shift of the nitrile stretching vibration frequency
when halothane was introduced into the system.
Infraredspectraof thenitrilevibrationmeasure a statistically
averaged absorption of all PheCN residues within the system.
There are four PheCN residues adjacent to the cavity withinthe peptide bundle, and although they occupy the same posi-
tion in the sequence of each helix, they become inequivalent
in the 4-helix bundle, each of them with a different conforma-
tion in a different environment that varies with time. In addi-
tion, a large ensemble of peptide bundles could sample these
conformations at any particular time. This averaging phenom-
enon renders the environment of the PheCN oscillators in the
bundle ensemble rather complex. MD simulation provides
a minimal approach to address this issue, averaging over the
simulation trajectory for a single amphiphilic 4-helix bundle
in an explicit interfacial solvent environment to sample the
different conformations accessible to the peptide; it is also
necessary to decompose the infrared spectra by analyzing
the frequency shift for individual oscillators.
Analysis of nitrile vibrational motion in terms of different
force components exerted on nitriles
A shift in the vibrational frequency of a particular group (e.g.,
diatomic for the nitrile group) within a macromolecule can
arise from a change in bonding and/or nonbonding interac-
tions. The latter exert forces on the atoms within the group
arising from other atoms in their local environment, including
those of the macromolecule itself as well as those of its
solvent, the relevant component being that directed along
the corresponding bond(s) (21,22). For the nitrile oscillator
in the PheCN residue, which is covalently linked through the
phenyl ring to the peptide backbone, the total force exerted
along the nitrile triple bond can be approximated as that ex-
erted on the N atom directed along the bond axis, because
theC atom is attached to a substantially largermass comprised
of the remainder of the residue (Fig. 1). When the local envi-
ronment of the nitrile oscillator in the PheCN residue exerts
a repulsive force on the nitrogen atom compressing the nitrile
triple bond, the nitrile stretching vibration will be shifted to
higher frequency, whereas an attractive force on the nitrogen
stretching the bond would result in a shift to lower frequency.FIGURE 3 Timeevolutionof thehalothane’s translational
(a) and rotational (b) motion within the hbAP1-PheCN
bundle. The halothane’s translational displacement Z is
defined as the distance from the center of the halothanemole-
cule (Z) to the center of the four Ala19 residues (O) projected
along the peptide bundle long axis. The halothane’s rota-
tional angle q is defined as the angle between the C-C axis
of the halothane molecule and the peptide bundle long axis.Biophysical Journal 96(10) 4188–4199
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nonbonding forces, i.e., electrostatic and van der Waals, ex-
erted on the nitrogen of each PheCN residue projected along
its nitrile bond and averaged over the simulation trajectory
for both the apo and holo hbAP1-PheCN (i.e., in the absence
and presence of halothane, respectively). The results are
summarized in Table 1. As indicated in the table, the electro-
static force dominates the total force. Upon adding the halo-
thane into the cavity, the change of electrostatic force is
threefold larger than the change of van der Waals force,
accounting for ~70% of the change of total force in most
cases. For PheCN
55 and PheCN
95, the two residues that are
buried inside the nonpolar core of the bundle, with their
C_N bond pointing toward the interior, the dominant role
of the electrostatic force is more significant than the cases
for PheCN
15 and PheCN
135 residues that have their C ¼ N
bond pointing toward the exterior of the bundle, partially
accessible to solvent (Fig. 4). Introducing halothane into
the system perturbs the local electrostatic field, especially
influential to the region close to the designed hydrophobic
cavity. We also notice from the table that the fluctuations
in the van der Waals forces are greater than those of the elec-
trostatic forces, relative to their respective mean values, the
fluctuations for both being larger than the changes in these
component forces arising from the introduction of halothane
into the cavity within the core of the bundle. This demon-
strates that the packing of side chains forming the cavity is
highly dynamic and flexible. This dynamic feature will be
further elaborated in the next subsection.
Prediction and interpretation of the blue shift
The dominant role of electrostatic forces in the halothane-
induced shift of the PheCN nitrile group’s vibrational
frequency allows us to analyze the infrared results in termsof the vibrational Stark effect. Enlightened by Sunydam’s
estimate of changes in the electric field within a protein
from the frequency shift of a calibrated aromatic nitrile vibra-
tion (23), we then estimated the frequency shift for each
PheCN nitrile vibration from the corresponding electrostatic
force exerted on its nitrogen along the nitrile bond axis.
The observed vibrational frequency shift Dnobs in response
to the change of the electric field D~E through a calibrated
vibrational probe is
Dnobs ¼ D~mprobe  D~E ¼ D~mprobe  DE==: (1)
D~mprobe is the transition dipole moment of the vibrational
probe. DE// is the change in electric field projected on the
direction of D~mprobe, which lies along the nitrile bond axis
in mononitriles (24,25). Defining the nitrile bond axis as
pointing from the nitrogen toward the carbon, substituting
the D~mprobe of an aromatic nitrile analog from its Stark spec-
trum (23), leads to:
Dnobs ¼ 0:69

cm1=ðMV=cmÞ  DE==
¼ 0:69cm1=ðMV=cmÞ  DF===q: (2)
DF// is the change of force exerted on nitrogen along the
nitrile bond axis between the holo- and the apo form of
hbAP1-PheCN (F//,holo-F//,apo), in the unit of kcal/mol$A˚.
The partial charge q on the nitrogen atom of PheCN in
the simulation is 0.53e. Equation 2 can be converted to
Eq. 3 (refer to Note S1 in the Supporting Material for
details):
Dvobs ¼ 5:65

cm-1=ðKcal=mol A˚Þ
  DF==: (3)
According to this calibration, the presence of halothane in
the cavity that causes a change in force of 1 Kcal/mol$A˚TABLE 1 Total forces exerted on the nitrile nitrogens of the PheCN residues projected along C ¼ N axis, averaged over the whole MD
trajectory
VDW Electrostatics
PheCN
15 F//.apo 1.88  3.06 4.69  1.88
F//.holo 1.52  2.67 3.77  1.14
F//.holo-F//.apo 0.36 þ0.92
PheCN
55 F//.apo 2.70  4.34 5.08  2.11
F//.holo 2.74  3.93 5.64  1.40
F//.holo-F//.apo þ0.04 0.56
PheCN
95 F//.apo 2.48  3.11 4.72  1.14
F//.holo 2.47  3.32 3.69  1.14
F//.holo-F//.apo 0.01 þ1.03
PheCN
135 F//.apo 1.27  3.90 4.84  2.43
F//.holo 1.69  2.65 4.05  1.25
F//.holo-F//.apo þ0.37 0.79
Define the nitrile bond axis as pointing from the nitrogen toward the carbon, as shown in Fig. 1, to consider the sign of the force calculation.
The total force includes the electrostatic and van der Waals contributions, with a cutoff distance 12 A˚.
For the convenience of calculation, the forces were calculated simply by averaging the values over the whole trajectory, not by fitting Gaussian functions to the
histograms of the forces as that in Table 2. Therefore, the values of the total forces may be slightly different from those in Table 2. However, both averaging
methods provide the same signs and magnitudes of the corresponding forces.
The values are given in units of kcal/(mol$A˚).
The sampling frequency is every 20 ps for a total of 1 ns trajectory.
Biophysical Journal 96(10) 4188–4199
Anesthetic-Protein Interaction III 4193along the nitrile bond axis would render a shift in the C ¼ N
stretching frequency of þ5.65 cm1.
We calculated the total force exerted on the nitrogen of
individual PheCN residue projected along the nitrile bond
axis for both the apo and holo form of hbAP1-PheCN. The
histogram distribution of each force over the simulation
trajectory was evaluated and fitted by a Gaussian function
to obtain a time-averaged force. The mean and the widths
of these forces from the histogram distribution are summa-
rized in Table 2. The frequency shift due to halothane
binding estimated from the force change calibrated from
FIGURE 4 Instantaneous configuration of the hbAP1-PheCN with the
halothane binding to the cavity viewed from the top (a) and from the side
(b). The peptide is shown in ribbon representation and the four PheCN resi-
dues in wire-frame representation.Eq. 3 is also summarized in the table. As shown, the esti-
mated nitrile frequency shifts for all four PheCN residues
are mostly positive except for the one having the smallest
magnitude. Each nitrile group experiences a different force
change, suggesting heterogeneity in the conformational envi-
ronments for PheCN residues. The experimentally measured
frequency shift in general reflects a superposition of the
forces along different nitrile bonds. Thus we obtained an
average frequency shift of ~þ3 cm1. The frequency shift
due to halothane binding from the force change for a parallel
simulation was also estimated with an average frequency
shift of ~þ6 cm1 (see Table S1 in the Supporting Material).
The agreement between simulation and experiment (~þ6
cm1) is considered quite good given that we predict both
the correct sign and the approximate magnitude of the
frequency shift, the latter to within a factor of 2. (At this
point, we consider the correct sign and approximate magni-
tude of the frequency shift predicted from MD simulation as
the most important factors. There are several possibilities to
explain the lack of even better agreement with regard to the
magnitude. First of all, the concentration of halothane in the
simulation is not the same as used in the infrared experiment.
In the infrared experiment, a higher concentration of halo-
thane is used (i.e., ~6–7 halothanes/bundle) due to the low
sensitivity of the instrument. In our peptide bundle, there
are four PheCN residues at the binding site with heteroge-
neous environment, the superposition of all of them giving
the averaged nitrile vibration spectra. Therefore, in the simu-
lation, we chose one halothane per bundle in the cavity to
avoid adding complexity to the already-complicated system.
However, we believe that there is only one halothane within
the cavity even in the higher concentrations of halothane inTABLE 2 Time-averaged forces exerted on the nitrile nitrogens of PheCN residues projected along the C¼N axis
PheCN
15 PheCN
55 PheCN
95 PheCN
135
MF SD MF SD MF SD MF SD
Total F//.apo 3.31 2.72 3.52 3.00 2.78 2.79 4.16 2.04
F//.holo 2.87 2.43 3.88 2.80 2.03 2.30 2.92 2.19
F//.holo –F//.apo (Dvobs) þ0.44 (þ2.5) 0.36 (2.0) þ0.75 (þ4.2) þ1.24 (þ7.0)
Protein F//.apo 1.73 2.28 3.95 1.66 2.08 2.51 5.00 3.20
F//.holo þ0.17 2.49 4.68 1.53 1.48 2.18 4.28 2.46
F//.holo –F//.apo (Dvobs) þ1.90 (þ10.7) 0.73 (4.1) þ0.60 (þ3.4) þ0.72 (þ4.1)
Solvent F//.apo 1.48 1.98 þ0.35 0.80 0.93 1.04 1.64 3.54
F//.holo 3.08 1.16 þ0.77 1.20 0.44 0.60 1.73 1.66
F//.holo –F//.apo (Dvobs) 1.60 (9.0) þ0.42 (þ2.3) þ0.49 (þ2.7) þ0.09 (0.5)
Halothane F//.holo þ0.05 0.05 0.02 2.42 0.10 0.14 0.00 0.07
(Dvobs) (þ0.3) (0.1) (0.6) (0.0)
The total forces are decomposed into the contributions from the protein, the solvent and the halothane, respectively. The estimated frequency shifts due to
halothane binding are also included. In this table, calculation of the time-averaged mean forces is from fitting a Gaussian function to the histogram of the force
over the simulation trajectory for each component. Therefore, the values of the total forces are not exactly the same as the summation of the three individual
components from the protein, the solvent and the halothane.
Define the nitrile axis as pointing from the nitrogen toward the carbon, as shown in Fig. 1, to consider the sign of the force calculation.
The mean force (MF) F0 and the standard deviation (SD) s were obtained by fitting a Gaussian function A exp[(F  F0) 2/2_s2] to the histogram of the force
over the simulation trajectory.
Values of forces are given in the units of kcal/(mol$A˚).
In the parentheses, frequency shifts due to halothane binding were calibrated from the force changes based on Eq. 3. The values are in the units of cm1.
Sampling frequency is every 20 ps for a total of 1 ns trajectory.
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4194 Zou et al.the experiment, because the nonpolar core is not big enough
to accommodate two halothane molecules side by side, the
diffusion along the core of the bundle having been shown
to be one-dimensional ‘‘single file’’ at these higher concen-
trations (in part II under this same title (10)). Therefore we
consider the simulation results to be relevant to the experi-
ment, although the lack of more halothane molecules else-
where in the bundle could produce better or lesser agreement
with regard to the magnitude of frequency shift in the exper-
iment. Secondly, we assume the time-average forces to
represent ensemble average forces, the commonly accepted
ergodic hypothesis in simulations. However, we acknowl-
edge that the simulations remain limited by the duration of
the trajectory. Thirdly, the sequence we use in part II (10)
and this work is not completely identical in terms of position
of Met. However, we have discussed in the previous context
of this work about the effect of mutation to sequence in parts
I (5), II (10), and III. This slight difference in sequence does
not produce any difference in structure and binding affinity.
Considering the size, shape, and polarity of Met and Leu, we
do not expect any significant difference in frequency shift for
either. Thus, despite this relatively small discrepancy in the
magnitude of the spectral shift between simulation and
experiment, we believe the overall results remain signifi-
cant.)
The observed blue-shift of nitrile vibration may be
caused by the change of any component comprising the
oscillators’ environments. The nitrile stretching vibration
of the PheCN residue has been shown to be sensitive to
solvent (8,26). Inspection of a systematic sampling of
instantaneous configurations for holo hbAP1-PheCN does
reveal that not all PheCN residues are entirely buried in
the nonpolar core of the bundle. However, this is true
even for the apo form (i.e., without halothane). To further
explore the origin of the force change leading to the blue-
shift, we then decompose the total force into contributions
from the protein, the solvent and the halothane, respec-
tively. The corresponding results are summarized in Table
2. These show that the force changes from the peptide
environment are generally larger than the force changes
from the solvent environment, and mainly determine both
the sign and the magnitude of PheCN residues’ vibrational
frequency shifts. The force change from the solvent envi-
ronment for each oscillator either possesses the opposite
sign to that of the total force change or exerts a smaller
effect than that from the protein environment. This is an
indication that changes in solvent accessibility of the
PheCN residues cannot account for the observed blue-shift
of nitrile vibrational frequency. Halothane itself also exerts
only a small component of the total forces directed along
the nitrile bond, thereby having only a negligible effect
on the frequency shift. This result discounts any strong
direct interaction of the halothane with PheCN nitrile
groups. Thus, halothane’s impact on the nitrile probes is
rather indirect, namely the introduction of halothane intoBiophysical Journal 96(10) 4188–4199the cavity induces primarily a change in electrostatic
protein environment of the four probes inside the bundle
adjacent the cavity.
Dynamic nature of the cavity
We again note the dynamic nature of the peptide’s internal
cavity provided from Table 2, namely the fluctuations in the
component forces are comparable or greater than their respec-
tive mean forces, both being larger than the changes in the
total mean force exerted on the nitril groups arising from
halothane binding. The accuracy of the time-averaged total
mean force and resulting vibrational frequency shift calcu-
lated from the simulation trajectory for a single structure
depends on obtaining a structure for the model membrane
protein that well represents the ‘‘statistically averaged struc-
ture,’’ which can be a challenge even if the structure appears
to become well equilibrated over the course of the trajectory.
The initial choice of configuration has always been a chal-
lenging issue. However, it has been observed for a similar
amphiphilic 4-helix bundle peptide system that distinct initial
configurations can converge with regard to their major struc-
tural features (27) given sufficient time. Similarly in thiswork,
the introduction of halothane into an initial configuration for
the 4-helix bundle of straight untilted a-helices and into that
of a preequilibrated coiled-coil structure developed for the
apo form were investigated, and the parallel simulations
subsequently analyzed. These two very different initial
configurations were found to evolve to similar conformations,
both in terms of the protein’s secondary and quaternary struc-
ture, and exhibiting a cavity of comparable composition and
size with the incorporation of halothane, suggesting that
a reasonable statistically representative structure has been
attained. Therefore, we believe this method can still serve as
an important approach to interpret and predict experimental
results.
Speciﬁc halothane interaction with the designed
cavity
The MD simulations predict the experimental results from
infrared spectroscopy reasonably well, as discussed above.
This provides support for our further investigation of the
atomic-level interactions between halothane and this de-
signed model membrane protein, as well as halothane’s
modulation of the protein dynamics, as described below.
We have described in an earlier context that halothane
exhibits a substantial degree of rotational and translational
motion within the cavity, and these appear to be coupled.
Namely particular locations and orientations were found to
persist for significant durations of time that might suggest
the formation and breaking of hydrogen bonds, noting their
dynamic nature. Hydrogen-bond formation could potentially
occur between halothane and the residues forming or adja-
cent to the cavity (Fig. 5). On the one hand, it has been found
that hydrogen-bond formation can involve the association of
Anesthetic-Protein Interaction III 4195the halothane trifluorine atoms as the hydrogen-bond
acceptor with side chain or backbone hydrogen atoms
serving as the donor (28,29). On the other hand, the electro-
negative nitrogen of the nitrile group can also act as
a hydrogen-bond acceptor, thereby the potential for weak
FIGURE 5 Two possibilities were considered for hydrogen-bond forma-
tion. (a) hydrogen-bond formation between the halothane trifluorine atoms
and the backbone hydrogen atoms. (b) Hydrogen-bond formation between
the acidic hydrogen of the halothane and the nitrile nitrogen of the PheCN
residue.hydrogen-bond formation between the acidic hydrogen of
halothane and the nitrile nitrogen cannot be precluded.
To explore which of these two types of hydrogen-bond
interaction may exist or dominate the stabilization of the
halothane within the cavity, we analyzed the correlations
between the halothane’s rotational motion and the distance
of approach of its relevant hydrogen-bond acceptor or donor
atoms to the cavity’s backbone hydrogen atoms or the PheCN
residues’ nitrile-nitrogen atom, respectively.
Halothane’s interaction with the backbone hydrogens
Frequent hydrogen bonds appear to form between the trifluor-
ines of halothane and the backbone hydrogens of Ala residues
that form the binding cavity (Fig. 6, b–d). The association and
dissociation of the hydrogen bonds are the result of competi-
tion between the four alanine residues, which lie at the same
level along the bundle long axis with equal opportunities
for approach by the halothane. The orientation of halothane
changes in a stepwisemanner, each phase strongly correlating
with the change of the distance between halothane trifluorines
and Ala backbone hydrogens (Fig. 6, a and b–d). We further
explored the instantaneous configurations at different phases
of halothane’s orientation to match the halothane’s motion to
its interaction with the cavity, with different phases of orien-
tation denoted as 1–5 as shown in Fig. 6. In phase 1 (0–360
ps), the trifluorines formed hydrogen bonds with the Ala139
backbone Ca-hydrogen; in phase 2 (360–560 ps), the halo-
thane flipped its trifluorines toward the Ala139 backbone
amide-hydrogen; in phase 3 (560–630 ps), the trifluorines
formed hydrogen-bonds network with Ala99 backbone Ca-
hydrogen; in phase 4 (630–700ps), the halothane flipped itsFIGURE 6 Correlations between the halothane’s rota-
tional motion (a) and the distance of approach of its relevant
hydrogen-bond acceptor atoms to the cavity’s backbone
hydrogen atoms (b–d), which is shown in Fig. 5 a. (a) Halo-
thane’s rotational angle q is defined as in Fig. 3. (b–d) The
distance between the halothane trifluorines (three fluorines
are shown in three different colors) and the adjacent Ala
(Ala139 in b and c, Ala99 in d) backbone amide-H (HN) or
Ca-H (Ha). In a, the numbers 1–5 denotes the different
phases of the halothane’s orientation. Each phase is then
matched well to the interaction between the halothane and
the cavity backbone hydrogen atoms shown in the right
panels of b–d. In the right panels, hydrogen bonds between
the trifluorines and theHN or the Ha are represented in white
dashed lines. Particularly, in right panel c, the same HN also
forms a hydrogen bondwith the backbone carbonyl oxygen,
which is responsible for stabilizing the protein secondary
structure. The peptide is shown in ribbon representation
with backbone atoms in wire-frame representation.
Nitrogen is colored in blue, oxygen in red, and carbon in
silver. The halothanemolecule is shown in CPK representa-
tion with trifluorines colored in cyan, bromine in yellow,
chlorine in green, and hydrogen in white.Biophysical Journal 96(10) 4188–4199
4196 Zou et al.trifluorines back toward the Ala139 backbone amide-
hydrogen, having the same orientation as in phase 2; in phase
5 (700–1100 ps.), trifluorines formed H-bonds with the Ala99
Ca-hydrogen (Here Ala19, Ala99, Ala139 represent individual
Ala residues at position 19 on different helices). The above
results demonstrate that halothane’s motion inside the cavity
is controlled by the interaction of the trifluorine end of halo-
thane with the adjacent Ala backbone hydrogens.
It is also worth noting that, although halothane interacts
specifically with backbone hydrogen forming hydrogen
bonds, the nature of this bonding is weak and quite
dynamic. Examination of the amide hydrogens involved
in this specific interaction with halothane shows that those
hydrogen bonds responsible for protein secondary structure
remain intact. For example, in Fig. 6 c, one of the trifluor-
ines of the halothane forms a hydrogen bond with the
Ala139 amide-hydrogen. However, in the process, the
hydrogen bond between the Ala139 amide hydrogen (i)
and the PheCN
135 (i-4) carbonyl oxygen remains intact,
namely, the distance between this pair of hydrogen-bond
donor/acceptor is not perturbed by the hydrogen-bond
formation between the same amide H and halothane tri-
fluorines. The weak and dynamic nature of this hydrogen
bonding explains why halothane retains substantial transla-
tional and rotational motion within the cavity designed into
the core bundle.
Halothane’s interaction with the vibrational probes
The distance between the acidic hydrogen of the halothane
and the nitrile nitrogen of the PheCN residues is at the large
extreme for satisfying a hydrogen-bond distance require-
ment (Fig. 7 a). Furthermore, the stepwise change in thehalothane’s rotational motion does not correlate with the
change of the distance between the halothane hydrogen
and the PheCN nitrile nitrogen (Fig. 7, a and b). A parallel
simulation (simulation II) that samples rather different
orientations of halothane also provided similar results
(Fig. 7, c and d).
To further investigate whether a direct interaction between
the halothane hydrogen and the PheCN nitrile-nitrogen
might exist, we also removed the partial charges on nitrile
groups. Under this circumstance, with the presumed
hydrogen-bond acceptor eliminated, we expected an instan-
taneous change of the halothane’s motion, namely the orien-
tation of halothane should change faster and the distance
between the halothane hydrogen and the nitrile nitrogen
should also become larger. We analyzed two parallel simula-
tions with each of them providing rather different results, but
leading to the same conclusion. For simulation I, both the
orientation of halothane and the distance between the halo-
thane hydrogen and the nitrile nitrogen remained the same
for most of the remainder of the trajectory after removal of
the partial charges (Fig. 7, a and b). For simulation II, over
the first 100 ps, three out of four nitrile nitrogens became
instantaneously closer to the halothane hydrogen, and the
fourth PheCN nitrogen remained at the same distance from
the halothane hydrogen as before the partial charges
removed (Fig. 7 d). The instantaneous change of the halo-
thane’s orientation in this case may be caused by the sudden
change of the distance between the halothane hydrogen and
the three PheCN nitrogens (Fig. 7, c and d). In this case,
particular orientations of halothane also persisted even
longer than before the partial charge was removed (Fig. 7 c).
These results contradict the expectations, discounting a directFIGURE 7 For two parallel simulations (simulation I,
a and b; simulation II, c and d), correlations between the
halothane’s rotational motion (a and c) and the distance
of approach of its relevant hydrogen-bond donor to the
PheCN residues’ nitrile-nitrogen (b and d), as presented in
Fig. 5 b, were studied with partial charges on nitrile groups
included (left four panels) or removed (right four panels).
(a and c) The halothane’s orientational angle q is defined as
in Fig. 3. (b and d) The distance between acidic hydrogen
of the halothane and the nitrile-nitrogen of the four PheCN
residues are plotted, with each of them in a different gray
scale.
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Anesthetic-Protein Interaction III 4197FIGURE 8 Distribution of the aromatic ring’s motion for
two PheCN residues in the absence (gray bar) and presence
of the halothane (black bar). c is defined as the dihedral
angle for Ca-Cb-Cg-Cd, characterizing the ‘‘flipping’’
motion of the aromatic ring; q is defined as the angle
between Cb-Cg and the bundle long axis, characterizing
the ‘‘tilting’’ motion of the aromatic ring. The residues in
consideration are two PheCN residues that are closer to
the halothane. The addition of halothane seems to have
no apparent effect on the widths of the distributions for
either of these motions of aromatic rings for either of the
two PheCN residues, indicating the absence of an interac-
tion between halothane and aromatic rings of PheCN
probes.interaction between the halothane hydrogen and PheCN
nitrile-nitrogen.
Several studies of tryptophan containing halothane-
binding model proteins suggest a direct interaction of halo-
thane with tryptophan residues (30,31), reasoning that there
is potential for an attractive ‘‘cation-pi’’ interaction between
the acidic hydrogen of halothane and the highly polarizable
indole ring p-electrons (6,7). We did not observe any orien-
tation of the C-H acceptor group of halothane with respect to
the sp2 carbons of the PheCN aromatic ring residues that
would support such an interaction over the entire simulation
trajectory. We also examined both the ‘‘flipping’’ and the
‘‘tilting’’ motions of aromatic ring for the two PheCN
residues that are closer to the halothane. The addition of
halothane has no apparent effect on the widths of the distri-
butions for either of these motions of aromatic rings for
either of the two PheCN residues. These results suggest that
halothane has no effect on the aromatic rings’ dynamics, in
turn suggesting the absence of an interaction between halo-
thane and the aromatic rings of the PheCN probes in our
system (see Fig. 8 for details).
Halothane’s modulation of protein dynamics
Investigating the effect of anesthetics on protein dynamics is
important because protein function can necessarily involve
internal protein motion(s). By investigating halothane’s
modulation of protein dynamics, we may obtain valuable
information that would guide further development of such
anesthetic-binding model membrane proteins, but also may
rationalize how anesthetics might modulate membrane
protein function.
Fig. 9 shows the root mean square deviation (RMSD) of
backbone Ca atoms of the hbAP1-PheCN 4-helix bundle
with respect to the equilibrated structure summed over all
residues as a function of time. We calculated this RMSD
for hbAP1-PheCN in the absence and presence of halothane.
There is no apparent difference between these two trajecto-
ries, suggesting that the introduction of halothane has no
effect on the overall backbone structure of the protein.
This result further indicates that the associated quaternarystructure of the 4-helix bundle is also stable to the introduc-
tion of halothane.
The more profound effects of halothane were discovered
in the protein dynamics. The root mean square fluctuation
(RMSF) of backbone C atoms for each residue of the
hbAP1-PheCN was computed in the absence and presence
of halothane, as shown in Fig. 10. The backbone dynamics
of both forms (with or without halothane) exhibit a greater
flexibility than those of natural ion channel proteins
(29,32). The terminal and Gly linker-loop residues appear
to be most flexible, not surprisingly. The most profound
changes are seen in the overall decrease of RMSF upon
binding the halothane, although it is more apparent in the
case of helix H3 and H4. (We found that in this simulation,
the halothane is ~2–4 A˚ closer to helices H3 and H4
compared to helices H1 and H2 during the trajectory. On
the timescale of these simulations, the halothane molecule
FIGURE 9 Halothane’s impact on the backbone structure of the hbAP1-
PheCN peptide bundle. Shown here is a comparison of the computed
RMSD of backbone Ca atoms in the absence (dashed line) and presence
(solid line) of the halothane molecule, respectively. The equation for calcu-
lating RMSD is as follows: RMSD ¼

1
M
PM
i¼1
ðRi  Reqi Þ2
1=2
, where Ri and
Ri
eq are the coordinates of the ith backbone Ca of an instantaneous structure
and the equilibrated structure, respectively.Biophysical Journal 96(10) 4188–4199
4198 Zou et al.FIGURE 10 Comparison of the backbone dynamics of
the hbAP1-PheCN peptide bundle in the absence (dashed
line) and presence (solid line) of halothane. Shown here is
the computedRMSFof backboneCa atoms for each residue.
The four helices in the bundle are named H1, H2, H3, and
H4. H1 and H2 are within one dimer; H3 and H4 belong
to the other dimer. The equation for calculating RMSF is
as follows: RMSF ¼

1
T
PT
tj¼1
ðRiðtjÞ  RiÞ2
1=2
, where RiðtjÞ
and Ri are the coordinates of the ith backbone Ca of an
instantaneous structure at time tj and the coordinates aver-
aged over time T, respectively. Note that the difference
between RMSD and RMSF is that with the later the average
is taken over time T, giving a value for each residue i; with
RMSD the average is taken over theM residues, giving time
specific values.moves initially from a central position within the cavity of
the peptide bundle to become associated with one of the
two pairs of helices, and remains so-associated for the
remainder of the trajectory. However, this phenomena is
random, namely the halothane can become associated with
a different pair of helices in a parallel simulation.) In the
presence of halothane, there seems to be slightly larger
suppression of the backbone’s motion in the vicinity of the
halothane binding cavity than at the ends of the bundle
upon the introduction of halothane. In any case, the overall
trend is quite clear—the binding of halothane reduces the
global dynamics of protein backbone. This result agrees
with the implications from NMR findings of a water-soluble
halothane-binding 4-helix bundle peptide (31,33), namely
that halothane stabilizes overall protein motion.
CONCLUSIONS
We have investigated the use of PheCN as a spectroscopic
probe of the local environment in the neighborhood of a
designed halothane-binding cavity within a model
membrane protein by classical MD simulations. To our
knowledge, this is the first time an infrared probe and MD
simulations have been used to study anesthetic binding to
model membrane proteins. The blue-shift in the nitrile vibra-
tional frequency upon binding halothane predicted by MD
simulations is in good agreement with the infrared experi-
ments. We demonstrated the absence of any direct interac-
tion between halothane and the nitrile groups, indicating
a minimal perturbation by the introduction of PheCN to inves-
tigate the interaction of halothane with the cavity, making it
an ideal ‘‘spectator’’ probe of local environment inside the
protein. The frequency shift is largely ascribed to the change
in the probes’ electrostatic protein environment induced by
the halothane rather than the change of solvent accessibility
of infrared probes. The backbone structure of the apo peptide
bundle appears to be highly flexible. Upon binding the halo-
thane to the cavity, the backbone’s motion is significantlyBiophysical Journal 96(10) 4188–4199quenched with a slightly larger suppression at the vicinity
of the halothane binding site, which may contribute to
decreasing the dissociation of halothane from the binding
site once bound. During the simulation trajectories, halo-
thane remained localized within the hydrophobic cavity
within the core of the peptide bundle, while nevertheless
exhibiting a substantial degree of translational and rotational
motions. Although interaction between halothane and the
cavity’s backbone hydrogens dominates, the nature of this
interaction is still weak and quite dynamic and does not
compete with hydrogen bonds responsible for protein’s
secondary structure. The weakness of this interaction
explains why the halothane retains substantial motion while
localized within the cavity. Collectively, the rich information
displayed from simulations could provide significant insight
into the interaction between anesthetic molecules and
membrane proteins. Further improvements could target
labeling the cavity residues (i.e., alanine) directly.
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